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Plant membraneThe biomembrane surrounding rubber particles from the hevea latex is well known for its content of numerous
allergen proteins. HbREF (Hevb1) and HbSRPP (Hevb3) are major components, linked on rubber particles, and
they have been shown to be involved in rubber synthesis or quality (mass regulation), but their exact function is
still to be determined. In this studywehighlighted thedifferentmodes of interactions of both recombinant proteins
with variousmembranemodels (lipidmonolayers, liposomes or supported bilayers, andmultilamellar vesicles) to
mimic the latex particlemembrane.We combined various biophysicalmethods (polarization-modulation-infrared
reﬂection-adsorption spectroscopy (PM-IRRAS)/ellipsometry, attenuated-total reﬂectance Fourier-transform in-
frared (ATR-FTIR), solid-state nuclear magnetic resonance (NMR), plasmon waveguide resonance (PWR), ﬂuores-
cence spectroscopy) to elucidate their interactions. Small rubber particle protein (SRPP) shows less afﬁnity than
rubber elongation factor (REF) for the membranes but displays a kind of “covering” effect on the lipid headgroups
without disturbing the membrane integrity. Its structure is conserved in the presence of lipids. Contrarily, REF
demonstrates higher membrane afﬁnity with changes in its aggregation properties, the amyloid nature of REF,
which we previously reported, is not favored in the presence of lipids. REF binds and inserts into membranes.
Themembrane integrity is highly perturbed, andwe suspect that REF is even able to remove lipids from themem-
brane leading to the formation of mixed micelles. These two homologous proteins show afﬁnity to all membrane
models tested but neatly differ in their interacting features. This could imply differential roles on the surface of rub-
ber particles.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Hevea brasiliensis (Willd. Ex A. Juss) Muëll. Arg is the main world-
wide resource of latex and natural rubber (NR), which is a biopolymer
of high economic interest mainly composed of cis-1,4-polyisoprene.Small rubber particle protein;
on-adsorption spectroscopy;
form infrared; NMR, Nuclear
ance; SUV, Small unilamellar
ellar vesicle
-like proteins as lipid droplet-
ilaru, J.M. Dyer, R.T. Mullen, J.B.
of lipid droplet-associated pro-
s Polymères Organiques, CNRS
Pessac cedex, France. Tel.: +33
peruch@enscbp.fr (F. Peruch).
ights reserved.Latex is indeed produced by laticifers after tapping and is a white cyto-
plasmic colloidal suspension containingmainly rubber particles but also
non-rubber particles, organelles, proteins and serum [1]. Hevea latex
has a bimodal particle size distribution [2,3], containing spherical parti-
cles [4] smaller than 0.4 μM in diameter (SRP, small rubber particles) or
larger than 0.4 μM (LRP, large rubber particles) [5,6]. Latex particles are
negatively charged on their surface [7] and latex has a pI between 3 and
5 [8]. This confers a colloidal stability of latex at basic pH, whereas latex
coagulates at low pH. A rubber particle has been described as a hydro-
phobic core of polyisoprene surrounded by a complex lipo-protein
layer [9,10], and the particle membrane was shown to be a ﬂuid mono-
layer [4,10–12]. The thickness of this layer was estimated to be around
1.5–3.0 nm [9–11]. Rubber particles contain in total about 1.6–3.7% of
lipids, which are classiﬁed into neutral lipids, glycolipids and phospho-
lipids [13–15]. Rubber lipid content and composition are clonal
dependent [15] and the methods of extraction may be of particular im-
portance [16]. The phospholipids already identiﬁed in 1930 [17] are
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phatidyl inositol, serine and glycerol (PI, PS and PG) and phosphatidic
acid (PA) may also be found in latex [11,15,18]. In addition, stearic
(18:0), oleic (18:1) and linoleic (18:2) acids were highly represented,
while smaller amounts of palmitic (16:0), palmitoleic (16:1), linolenic
(18:3) and furanoid fatty acids are also present [15,18–21]. The role of
phospholipids in NR branching is now highly discussed. Phospholipids
could be linked at theα-terminal phosphate group of the linear polyiso-
prene chains, while theω-terminal (the trans initiator group) could in-
teract with proteins [22–24]. The negative charges of the lipid polar
headgroups could cross-link by ionic linkages (e.g. Mg2+) with the ter-
minal phosphate or diphosphate of the polymeric chains.
Not only lipids, but also proteins, may contribute to the global nega-
tive charge of the particle surface. Recently, 186 rubber particle proteins
were identiﬁed [25]. Hevea latex contains also numerous proteins and at
least 14 allergens, such as Hevb3 and Hevb1 [26–30]. Hevb3 and Hevb1
are the twomost abundant proteins and are also known as rubber elon-
gation factor (HbREF) and small rubber particles protein (HbSRPP).
They are acidic proteins of respectively 14.6 and 24 kDa and they both
have been described as having a positive effect on rubber production
[31–33]. Other homologous proteins found in Parthenium argentatum
(Guayule Homologue of SRPP, GHS) and Taraxacum brevicorniculatum
(TbSRPP1-5, Dandelion) have also been found having a similar effect
[34,35]. They are now believed to be determinant on producing high
molecular weight rubber [34,35]. Indeed, REF and SRPP have been re-
spectively visualized by immunogold electron microscopy on the LRP
and on the SRP [6,31,36–38]. TbSRPPs were also found on the dandelion
rubber particle surface [35]. In addition, SRPs were described as having
much higher enzymatic activity at their surface than LRPs do [5,38,39].
SRP polymer predominantly of high molecular weight, might be com-
posed mostly of growing linear polyisoprene (with an active diphos-
phate group) having no free chain-end to form branch-points [40]. In
contrast, LRP contains low-molecular weight rubber molecules termi-
nated with a functional group containing fatty acid esters. Dennis and
Light [31] also showed that the amount of REF protein in the whole
latex was proportional to the rubber content.
In a previous study we described the structure of REF and SRPP in
bulk solution and showed that if SRPP behaved like anα-helical protein,
REF had amyloid and aggregative properties [41]. Aggregation could be
an interesting feature taking part in latex coagulation. Preliminary re-
sults let us think that both proteins had also different behaviors in the
presence of lipid monolayers. In the present work we went deeper in
our observations by investigating the interactions with various mem-
brane models (lipid monolayers, liposomes or supported bilayers and
multilamellar vesicles) and by combining various biophysical methods
(PM-IRRAS, ATR-FTIR, solid state NMR, PWR, ﬂuorescence spectrosco-
py). We may now conclude from all our converging results that REF
and SRPP exert different effects on model membranes, which could
also refer to distinct functions on rubber particles.
2. Material & methods
2.1. Chemicals
Asolectin (AL), Nile red and calcein were from Sigma-Aldrich (Saint-
Quentin Fallavier, France). Cardiolipins (bovine heart) and all other lipids
were purchased from Avanti Polar Lipids (Alabaster, AL, USA). D2O,
CDCl3, CD3OD and deuterium-depleted water (1H2O) were acquired
from Euriso-Top (Gif-sur-Yvette, France).
2.2. Protein puriﬁcations
The SRPP gene (GenBank accession no. AJ223388) and the REF gene
(GenBank accession no. X56535) were previously constructed as
codon-optimized pET24a-6His-SRPP and pET24a-6His-REF plasmids
[41]. Sequences, homology and physico-chemical parameters of taggedREF and SRPP proteins are presented in Supplementary Table S1. Pro-
teins taggedwith anN-terminal 6-histidinewere produced and puriﬁed
as recombinant proteins following previously reported protocol [41].
For NMR experiments, proteins were freeze-dried and kept at−20 °C.
2.3. Washed rubber particles preparation
The washed rubber particles (WRPs) were puriﬁed at 4 °C from 30%
non-ammoniated latex as previously described [42]. 1 mL of latex was
centrifuged at 4000 g for 10 min, the top cream was washed with
1 mL of buffer (0.1 M Tris–HCl pH 7.4, 10 mM DTT, 5 mM MgSO4),
and the WRPs were then washed twice by centrifugation at 2400 g for
10 min and ﬁnally resuspended in buffer. Proteins on WRPs were di-
rectly denatured in loading buffer for 10 min at 100 °C, centrifuged
and then run on 15% SDS-PAGE before staining with Coomassie blue.
2.4. Fluorescence confocal microscopy
Staining of WRPs with Nile red was realized by incubating the fresh
WRPs with Nile red at 0.1 mg/mL in DMSO/glycerol (v/v 1:1) for 24 h
at 25 °C. Incorporation of DPPE-rhodamine into the biomembrane was
done by incubating the ﬂuorescent lipids (5 μg/mL in DMSO/Glycerol)
at 25 °C overnight. Confocal microscopy was realized with a Leica TCS
SP5 laser scanning confocalmicroscope (LeicaMicrosystems, Heidelberg,
Germany) equipped with an Acousto Optical Beam Splitter (AOBS). Im-
ages were acquired with a 63× oil immersion objective lens and image
treatment was performed using the Image Processing Leica Confocal
Software and ImageJ 1.47m Software (Wayne Rasband, Bethesda, MA).
2.5. Protein/lipid interactions on dot blots
Lipid dot blots were performed as previously described [41,43]. In
brief, proteins were incubated overnight at 20 µM and room tempera-
ture, with the lipid blots. Lipid/protein interaction detection was made
with anti-His antibody and revealed by the NBT/BCIP method.
2.6. PM-IRRAS and ellipsometry experiments on lipid monolayers at
air–water interface
Polarization-modulation-infrared reﬂection-adsorption spectra (PM-
IRRAS) were recorded on a Nicolet (Madison, WI) Nexus 870 spectrom-
eter equipped with a HgCdTe (MCT) detector (SAT Poitiers, France) and
cooled at 77 K by nitrogen liquid at a resolution of 8 cm−1 by coadding
600 scans. Details of PMIRRAS experiments were described in a previous
paper [19]. PM-IRRAS spectra were normalized by the subphase spec-
trum or lipid monolayer spectrum.
Ellipsometry measurements were performed using a NFTElli2000
ellipsometer (Gottingen, Germany) equipped with a doubled frequency
Nd:YAG laser at 532 nm with 50 mW power (for more details on
ellipsometry see [41,44]). The spatial resolution was about 2 μm and
the image sizewas 450 × 670 mm,with a 10×magniﬁcation lens. Thick-
ness was determined using a mean value of 1.45 for the refractive index.
2.7. Preparation of small & large unilamellar and multilamellar vesicles
Dry ﬁlms of DMPC, egg PC or asolectin (for small unilamellar vesi-
cles, SUVs and large unilamellar vesicles, LUVs) were prepared from so-
lutions in chloroform:methanol (4:1, v/v) evaporated under a stream of
nitrogen and left under vacuum overnight to remove all traces of organ-
ic solvent. The lipid ﬁlmwas suspended in PBS pH 7.4 or D2O and gently
vortexed for a few minutes.
SUVs for ATR-FTIR experiments were obtained by sonifying the
hydrated solution of lipid ﬁlms in D2O using a titanium rod soniﬁer
(Vibracell, Sonics, Newton, USA) in an ice-water bath to avoid lipid ther-
mal degradation. The traces of titaniumwere then removed by centrifu-
gation (6000 rpm, 2 min).
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drated with buffer containing calcein (70 mM in 1× TBS pH 7.4) and
dispersion was run through ﬁve freeze/thawing cycles and passed
through a mini-extruder equipped with two stacked 0.1 μm polycar-
bonateﬁlters (Avanti, Alabaster, AL). The sizes of LUVswere determined
to be around 120 nm by dynamic light scattering (DynaPro Nanostar,
US). The lipid concentration was calculated by phosphate dosage [45].
MLVs (multilamellar vesicles) for NMR experiments were made of a
mixture of asolectin and1-2H31-palmitoyl-2-oleoyl-sn-3-phosphocholine
(POPC-2H31 with a 4.5:0.5 ratio). Deuterated lipids were added in low
quantity (10 mol%) to get enough deuterium NMR signal with a mini-
mumperturbation of themembrane. Freeze-dried proteinswereﬁrst sol-
ubilized in 80 μL of deuterium-depleted water (1H2O) and thenmixed to
the lipid mixture (~100 mM). After vortexing, the samples were
subjected to 3 freeze-thaw cycles (1 min/10 min) to ensure complete
equilibrium [46,47]. Lipid/protein molar ratio (Ri) of 50 was used for
NMR.
2.8. ATR-FTIR spectroscopy
Polarized ATR-FTIR spectra were recorded on a Nicolet 6700 FT-IR
spectrometer (Nicolet Instrument, Madison,WI) equippedwith a liquid
nitrogen cooled mercury–cadmium–telluride detector (ThermoFisher
Scientiﬁc, San Jose, CA, USA), with a spectral resolution of 4 cm−1 and
a one-level zero ﬁlling.
For the study of the interactionwith supported bilayers, 10 μL of SUV
samples were deposited for 5 min on a germaniumATR crystal in order
to form one regular bilayer at the surface of the crystal. Since ATR spec-
troscopy is sensitive to the orientation of the structure [48], spectra
were recorded with a parallel (p) and perpendicular (s) polarization of
the incident light. All the orientation information is then contained in
the dichroic ratio RATR = Ap/As, where Ap and As represent the absor-
bance of the considered band for the p or s polarization of the incident
light, respectively (for more details see [49]). After D2O washings, pro-
teins were incubated for 10 min with the bilayer before washing with
D2O. For the mixed proteins/lipids, the SUVs were deposited for
10 min on the ATR-crystal to promote the formation of the bilayer
and directly washed with D2O. Two hundred interferograms,
representing an acquisition time of 7 min, were co-added with a
4 cm−1 resolution.
For kinetic studies, the proteins in 25 mMTris/HCl pH 8.0were buff-
ered with 1× PBS at pH 7.4 to a ﬁnal concentration of 50 μM. Time 0
(T0) of kinetics corresponded to pure proteins. Incubations were
performed at 37 °C without agitation. Kinetics in the presence of
DMPC SUVs was performed by adding 2.5 mM of SUVs. The ﬁrst mea-
surement was done after a 5 min drying of a 5 μL drop onto the germa-
nium ATR crystal (Specac, Orpington, UK). All the aliquots generated
during the kinetics were analyzed after 5 min of drying. One hundred
interferograms, representing an acquisition time of 3.5 min, were co-
added.
To determine the secondary structure element of each protein, ATR-
FTIR spectra were analyzed with an algorithm based on a second-
derivative function and a self-deconvolution procedure (GRAMS soft-
ware and OMNIC software, ThermoFisher Scientiﬁc) to determine the
number and wavenumber of individual bands within the spectral
range 1485–1750 cm−1, as described in our previous paper [41].
2.9. Solid-state NMR spectroscopy with MLVs
MLV samples (prepared with asolectin/d31-POPC as described in
Section 2.7) with and without proteins were placed into an 80 μL ZrO2
rotor (Cortecnet, Voisins-Le-Bretonneux, France). DeuteriumNMRexper-
iments were performed on a Bruker Avance III 800 SB spectrometer with
a CP-MAS dual 4 mm 1H/X DVT probe (Bruker, Wissembourg, France) at
122.8 MHz. Quadrupolar echo pulse sequence was used [50]. Typical ac-
quisition parameters were as follows: spectral window of 500 kHz; π/2pulse widths of 4 μs; and interpulse delays of 40 μs. A recycle delay of
2 s was used. Typically, 12,000 scans were recorded. A line broadening
of 200 Hz was applied before Fourier transformation. Phosphorus NMR
experimentswere performed on a Bruker AvanceDSX500WB spectrom-
eter equippedwith a PE-MAS triple 4 mm 1H/2H/31P probe at 202.5 MHz
by means of a Hahn Echo pulse sequence [51]. Static and magic angle
spinning experiments were performed. Typical acquisition parameters
were as follows: spectral window of 250 kHz (100 kHz with rotation);
π/2 pulse widths of 2.75 μs; and interpulse delays of 30 μs. High power
proton decoupling was performed during acquisition. A recycle delay of
5 s was used. 3000–6000 scans were recorded. A line broadening of
0–100 Hz was applied before Fourier transformation. Quadrature detec-
tion was used in all cases [46,47]. Samples were allowed to equilibrate
≥30 min at 25 ± 1 °C before the NMR signal was acquired.
2.10. Plasmonwaveguide resonance (PWR) studies with supported bilayers
PWR spectra are produced by resonance excitation of conduction
electron oscillations (plasmons) by light from a polarized CW laser
(He–Ne; wavelength of 632.8 and 543.5 nm) incident on the back sur-
face of a thin metal ﬁlm (Ag) deposited on a glass prism and coated
with a layer of SiO2. Experimentswere performed on a beta PWR instru-
ment from Proterion Corp. (Piscataway, NJ, USA) that had a spectral an-
gular resolution of 1 mdeg PWR spectra, corresponding to plots of
reﬂected light intensity versus incident angle, can be excited with light
whose electric vector is either parallel (s-polarization) or perpendicular
(p-polarization) to the plane of the resonator surface (for more details
on PWR see [52]). The egg PC lipid bilayer membrane was immobilized
on the resonator surface of the prism by depositing 2 μL of a 10 mg/mL
solution dissolved in butanol/squalene (95/5 v/v). The method used to
make the lipid bilayers is based on the procedure by Mueller et al. to
make black lipid membranes across a small hole in a Teﬂon block [53].
Brieﬂy about 2 μL of the lipid solution is spread across the small Teﬂon
block hole and immediately the cell sample compartment is ﬁlled with
PBS. Spectra are then acquired for both polarizations and both spectral
shifts with p- and s-polarization measured to ensure that a lipid bilayer
was deposited with the proper orientation. This lipid bilayer is attached
to the Teﬂon blockby a lipid reservoir called plateauGibbs border. Lipids
in this reservoir canmove in and out as imposed by the events occurring
in the membrane (protein insertion, changes in lipid packing, etc.). The
REF and SRPP proteins were either injected into the cell sample com-
partment containing the cell membrane in an incremental fashion or
at aﬁxed concentration (kineticmeasurements), and the spectral evolu-
tion followed in time. The kinetic data was ﬁtted by a two-phase expo-
nential association equation using GraphPad Prism.
2.11. Membrane leakage experiments with LUVs
Calcein-containing LUVs were made as described in Section 2.7. Free
calceinwas separated from the calcein-containing LUVs using size exclu-
sion column chromatography (Sephadex G-100; Pharmacia) and elution
with 1× TBS buffer. For the assay, the lipid concentration was set at
10 μM and protein concentrations were adjusted to Ri 1, 25, or 50. Fluo-
rescencemeasurementsweremadewith a POLARstar Omegamicroplate
reader (BMG Labtech, Champigny-sur-Marne, France). The standard 96
well microtiter plate was shaken for 9 s, directly after the addition of
all components but not during the measurement. Data were collected
every 5 min at 25 °C using a λexcitation at 485 nm and λemission at
540 nm. At the end of the assay, the complete leakage of LUVs was
achieved by adding 5 μL of 10% Triton X-100 (Sigma) solution. The per-
centage of calcein release was calculated according to the following
equation : L(t) = (Ft − F0) / Ff − F0 × 100, where L(t) is the fraction
of dye released (normalized membrane leakage), Ft is the measured
ﬂuorescence intensity at time t, and F0 and Ff are respectively the ﬂuo-
rescence intensities at times t = 0, and after ﬁnal addition of Triton X-
100. Each experiment was at least repeated 3 times.
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3.1. SRPP interaction with rubber particles is different than REF interaction
Rubber particles are composed of polyisoprene, proteins and a
monolayer membrane as schematized in Fig. 1A. From early
ellipsometric experiments, it was thought that the effects of proteins
could be directly visualized on latex monolayers, as rubber particles
are supposed to ﬂoat at the air–water interface and form a one particle
thick layer [9]. Unfortunately, by ellipsometry only a non-homogenous
Langmuir ﬁlm with an irregular thickness was observed (Fig. 1B). We
then decided to focus our study of REF and SRPP on the interactions
with various model membranes and subsequent effects on membrane
organization. The latex produced by plant laticifers is a complex white
cytoplasmic system, which may be easily separated by a simple centri-
fugation (Fig. 1C). Indeed, it contains mainly rubber and non-rubber
particles, organelles, proteins and cytoplasmic C-serum [1]. REF and
SRPP are not localized in the samephase of the latex, SRPP beingwashed
away from the top cream (WRP), which concentrates the REF fraction
and the LRPs (Fig. 1D). This can be explained by the fact that SRPP is
mainly present on the small rubber particles (lower cream) or most
probably easily washed from the particles. A previous report stated
that latex osmotic lysis could release SRPP from the particles although
most of REF remained associatedwith them [54].Wemay therefore sus-
pect a weaker interaction of SRPP with the particle membrane. In addi-
tion, a simple staining of theWRPwith Nile red showed by ﬂuorescence
confocal microscopy a complete ﬁlling of the WRP with the dye,
pointing out the homogeneous hydrophobic nature of the whole parti-
cle (Fig. 1E) and the potential of exchange and diffusion through this
membrane. Moreover, the incorporation of DPPE-rhodamine was only
visible on the outside of the particle, the free lipids therefore being sub-
sequently integrated in the biomembrane surrounding the polyiso-
prene. This membrane has proven to be quite dynamic and let us
think about the possibility of also adding proteins on it.
In order to investigate the interaction of REF and SRPPwith different
artiﬁcial model membranes, an afﬁnity screen of various phospholipids
was preliminary realized by dot blots (Fig. 2). Asolectin is a mixture ofFig. 1. Latex and rubber particles. A) Schematic representation of a rubber particle. B) Ellipsom
gation at 20,000 g for 30 min. D) Full protein content of non-ammoniated latex before and aft
(WRP) were denatured, run on a 15% SDS-PAGE and stained with Coomassie blue. E) Stain
microscopy.phospholipids extracted from soybean; the presence of mainly PC, PE,
CL or PG, and PI was conﬁrmed by 31P NMR and thin layer chromatogra-
phy (Supplementary Fig. S1). They are also themain phospholipid com-
ponents of rubber particles [11]. Most of the lipids that we tested in this
study reacted similarly towards both proteins. The weak reactivity of
REF and SRPP towards DMPC on blots (whereas egg PC and POPC inter-
act well)may be explained by the fact that this experimentwas realized
at room temperature below the transition phase of DMPC (23 °C), and
the lipids are presented on the membranes in a non-organized state.
This effect is not seen with DMPE and could also reﬂect a difference of
afﬁnity of the whole lipid. Note that all further experiments using
DMPC were done at 25 °C. With this technique, it is not possible to dis-
criminate a phospholipid favored in the interaction of REF or SRPP, but
clearly both proteins had afﬁnity for phospholipids.
3.2. REF has a stronger interaction than SRPP with lipid monolayers at
air–water interface
In a previous work, we showed by ellipsometry that SRPP and REF
could interact with DMPC or asolectin monolayers [41]. In this work
we went further in the characterization of this interaction by ﬁrst
looking at the secondary structure of the proteins in the presence of
lipids using polarization-modulation-infrared reﬂection-adsorption
(PM-IRRAS) spectroscopy at the air–water interface (Fig. 3A). The 2 pro-
teins alone injected in the subphase were very surface active, quickly
moving to the air–water interface. The surface pressure was measured
at 14 mN/m and 12 mN/m for REF and SRPP, respectively. Thick ﬁlms
were formed at the air–water interface as observed on the ellipsometric
images (Fig. 3B top panels). The observation of both amide bands (I and
II) in the range 1750–1450 cm−1 proves the presence of the proteins at
the air–water interface. REF was the more reactive protein, whereas
SRPP was less reactive, according to the intensity of the amide I bands,
in agreement with the lower thickness measured for SRPP in
ellipsometry. For both proteins the PM-IRRAS spectra (Fig. 3A top
panel) show a broad amide I band, indicating that several secondary
structures (turn,α-helices, random coils and β-sheets) coexist. We pre-
viously demonstrated that REF has amyloid properties, forming paralleletric image of ammoniated latex. C) Observation of non-ammoniated latex after centrifu-
er centrifugation and washing. Rubber particles of latex (RP) and washed rubber particles
ing of WRPs with Nile red or DPPE-rhodamine followed by an observation by confocal
Fig. 2. Interaction of REF and SRPPwith speciﬁc phospholipids on lipid dot blots. Bulk lipidsweredeposited as a drop/dot on a blot and then incubated overnightwith 20 μMproteins in 1×PBS
at room temperature. Controls were only incubated with PBS. The presence of the proteins interacting with the ﬁxed lipids was revealed using speciﬁc anti-histidine antibody and red dyes.
Abbreviations: asolectin, AL; phosphatidyl choline, PC; cardiolipin, CL; phosphatidyl ethanolamine, PE; phosphatidyl serine, PS; phosphatidyl inositol, PI; phosphatidyl glycerol, PG; 1,2-
dioleoyl-sn-glycero, DO; 1,2-dimyristoyl-sn-glycero, DM; 1-palmitoyl-2-oleoyl-sn-glycero, PO.
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In the presence of a DMPC monolayer at 28 mN/m (Fig. 3A bottom
panel) only the amide bands of REF could be detected, and no signal
was detected for SRPP. The control DMPC monolayer spectrum is
presented in Supplementary Fig. S2. An increase of the surface pressure
(+9.8 mN/m) was only observed after injection of REF. REF interacts
strongly with DMPC and clearly modiﬁes the lipid monolayer. A large
accumulation of the REF protein is revealed by the increase of the ﬁlm
thickness at the air–water interface (+47 Å). In comparison, we ob-
served that SRPP slightly increased the thickness of the DMPCmonolay-
er (+9 Å) [41]. Like in the air–water interface alone, no strong variationFig. 3.REF has a stronger interactionwith DMPC Langmuirmonolayer. A) PM-IRRAS spectra of p
at 28 mN/M (bottom). No signal was observed with SRPP. B) Ellipsometric images correspond
image. Experiments were performed in 1× PBS, the concentration of the protein was 1 μM andof the secondary structure of REF in the presence of the lipid monolayer
was observed. The same broad amide I band was detected. In contact
with lipids, no preferential REF orientation is observed. The results
lead to the conclusion that the interaction of REFwith a lipidmonolayer
at air–water interface is stronger than that of SRPP.
3.3. The structure of REF changes in the presence of lipid bilayer as
model membrane
To try to elucidate the secondary structure of both peptides
interacting with membranes, we studied their interaction with planarroteins alone at the air–water interface (top) and REF in thepresence of a DMPCmonolayer
ing to the conditions described in A. The layer thickness (Å) is reported in white on each
the temperature was set to 25 °C.
Fig. 4. REF and SRPP structure in interaction with DMPC bilayers. A) p-polarized ATR-FTIR
spectra of REF interacting with supported planar bilayer created from DMPC SUVs depos-
ited on a Ge crystal. B) p-polarized ATR-FTIR spectra of REF prepared in DMPC SUVswith a
ratio of 1:50 (Ri = 50) spreading onto the ATR crystal. C) Kinetics of β-sheet formation
was followed by ATR-FTIR with or without integral DMPC SUVs. REF and SRPP were at
50 μM in 1× PBS and 37 °C, SUVswere added at 2.5 mM (Ri = 50). Independent kinetics
is presented in Supplementary Figure S4. Quantiﬁed results are presented in Table 1.
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(SUVs) of DMPC were deposited on ATR crystal and the formation of
the bilayer was followed by the absorbance of the antisymmetric
(2924 cm−1) and symmetric (2853 cm−1) stretching modes of methy-
lene groups (results not shown), as described by Castano and Desbat
[49]. The position of the band and the dichroic ratio (RATR = Ap/As)
allow the conclusion that a supported bilayer was formed at the surface
of theATR crystal, properly oriented andwith a slight organization of the
chain. First, the proteins at 10 μM were incubated on this bilayer and
carefully washed with D2O. Only the amide I band of REF was detected,
again no SRPP could be detected afterwashing (Fig. 4A). The 1730 cm−1
band is assigned to the C_O stretching of the phospholipids. No varia-
tion of the position of the νas and νs of CH2 was observed (results not
shown), indicating that the acyl chains remained only slightly organized.
In another set of experiments, the proteinswere directlymixedwith the
lipids before the formation of the SUVs. Interestingly, SRPP inhibited the
formation of SUVs and so these experiments were only possible with
REF (Fig. 4B). Spectra of REF added either before or after DMPC bilayer
deposition were quite similar, indicating a strong interaction with the
membrane. To further investigate REF and SRPP lipid interaction, we
have performed the same experiments using egg PC SUVs at higher pro-
tein concentration (50 μM).With these new conditions, the presence of
SRPPwas detected at the lipid interface, but with a far smaller peak than
REF. REF underwent a similar structural change as that observed with
DMPC (Supplementary Fig. S3). In conclusion, the interaction of SRPP
with bilayers is therefore weaker than that of REF. Table 1 lists the per-
centage of each secondary structure component of REF in solution or
upon interaction with DMPC bilayers. The structure of REF interacting
with lipids is quite different from its structure in solution. The aggrega-
tion of REF, as amyloid-like protein, was poorly detected (small content
of β-sheet). REF was added to the membrane as monomer, and in con-
tact with lipids around 33% of the bound peptide was unstructured
(random coils), 15% was helical (α-helices) and only 27 or 21% was in-
volved in β-sheet structures. It clearly appears that the interaction
with lipid modiﬁes the aggregation process of REF.
Then, the third experiment we performed with integral DMPC SUVs
was to follow the kinetics of the protein structural changes. Proteins at
50 μM were incubated at 37 °C with DMPC SUVs (2.5 mM; Ri = 50),
and the structural changeswere analyzed byATR-FTIR upon SUV/protein
mixture deposition on the ATR crystal (Supplementary Fig. S4). If the
presence of SUVs does not really modify the structure of SRPP, this is to-
tally not the casewith REF. It clearly appears that REF amyloidogenesis is
inhibited by the SUVs (see Table 1 and Fig. 4C for the relative β-sheet
content of REF). The three different experiments performedwith REF in-
dicate a decrease in β-sheet structures and hydrophobic domains and a
neat increase in random coils andα-helices. Apart from the impossibility
of forming SUVs in the presence of SRPP, SRPP structure does not seem to
bemodiﬁed by the presence of SUVs. Thus DMPC or egg PC bilayers have
only a major effect on REF structure and aggregation process.
3.4. The membrane integrity may be differently modiﬁed by REF and SRPP
Nextwe investigated the effects of proteins on lipidmembrane orga-
nization. To this end multilamellar vesicles (MLVs) of mixed asolectin
and 2H31-POPC (10%) were prepared and 31P and 2H solid-state NMR
was undertaken, to monitor changes in membrane structure and dy-
namics atmembrane surface (31P of phosphate head group) and bilayer
core (2H of hydrocarbon perdeuterated chains). Results in Fig. 5 show
the effect of the presence of REF and SRPP in MLVs at Ri = 50. Deuteri-
um powder pattern spectra are shown in Fig. 5A, in the absence and
presence of both proteins. They are characteristic of micrometer-size
MLVs in their ﬂuid (liquid disordered) phase at 25 °C [46]. It is in agree-
ment with the presence of unsaturated lipids (PC, PE, PI, PG or CL)
contained in asolectin. Central doublet reports on the very disordered
(low rigidity) bilayer center (acyl chain methyl terminal), whereas the
doublets detected at ±13 kHz report on the more rigid membraneinterface (positions near the glycerol backbone) [55]. SRPP slightly af-
fects the rigidity as reported by 2H31-POPC, whereas REF reduces the
pattern width, especially for labeled positions in the hydrophobic core
near the bilayer interface. Overall membrane rigidity can be calculated
from spectra [46,47,55] and results indicate a 10% increase in ﬂuidity
promoted by REF. No signiﬁcant variation of ﬂuidity was observed
with SRPP. Fig. 5B shows head group modiﬁcations using 31P NMR.
Table 1
ATR-FTIR analyses of REF and SRPP with DMPC small unilamellar vesicles (SUVs) or bilayers.
Secondary structure element Amide I (cm−1) Relative comparative (%)
REFa REF on bilayerb REF in bilayerc REF with SUVa SRPPa SRPP with SUVa
Aggregation 1614 6.79 9.28 7.83 4.24 9.25 7.99
β-sheets 1630 40.33 27.28 21.52 34.82 22.67 24.98
Random coils 1646 20.85 32.36 34.53 24.05 21.39 22.18
Helices 1657 10.71 14.08 17.72 13.95 22.12 21.72
Turns 1670 10.21 10.81 13.34 13.28 12.12 12.79
Hydrophobic domains 1685 11.11 6.16 5.04 9.66 12.45 10.34
Accuracy is estimated to be within ~2.5% and measurement temperature was set at 25 °C.
a REF and SRPP were incubated in PBS 1× at 50 μM and 37 °C overnight. DMPC SUVs were incubated with proteins in the same conditions at Ri = 50. Spectra of aggregates were
recorded after drying on the crystal.
b DMPC SUVs were ﬁrst deposited on the ATR crystal for membrane formation, before protein addition at 10 μM. After washings in D2O, spectra were recorded. No amide I signal was
observed in the same experiment in the presence of SRPP.
c REF was mixed with DMPC before SUV formation in a 1/50 ratio (Ri = 50). SUVs with proteins were fusionned on the ATR crystal, and then washed in D2O before recording spectra.
SRPP incorporation into lipids did not permit the formation of SUVs.
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metric spectral shape, which, in the absence of proteins, pictures a
micrometer-size MLV in the ﬂuid phase (broad spectrum spanning a
[−20, +40 ppm] width) [46]. A sharp peak accounting for ~5% of the
total spectrum is detected near 0 ppm. Because NMR is quantitative,
this indicates that 5% of the total system is under the form of very
small vesicles or micelles that tumble so fast that they average the
chemical shielding interaction to zero. In the presence of SRPP, the over-
all shape is basically unchanged except for the appearance of sharp lines
(~10% of total area near 2–3 ppm). This suggests the formation of a
small additional fraction of small vesicles or micelles. Because we can
measure chemical shifts of −1, 0, 2.4 and 4.2 ppm, the presence of
these small isotropic lines suggests that all classes of lipids (PC, PE, PI,
PG or CL) are solubilized as a small fraction of the total lipid membrane.
REF modiﬁes to a much larger extent the powder spectrum. Two sharp-
er peaks of about 16 and 4 ppm dominate the spectrum. Again, this in-
dicates that part of the MLVs may be under the form of small lipidFig. 5. Different interactions of REF and SRPP with MLVs by solid-state NMR. A) 2H NMR spectr
panel). B) 31P NMR spectra ofMLVs alone or in the presence or REF or SRPP. MLVswere made o
the lipids at Ri = 50. Experiment was performed at 25 °C.assemblies that tumble very rapidly. Interestingly, isotropic lines do
not appear in the deuterium spectrum recorded on the same sample
from the POPC viewpoint (Fig. 5A, bottom). This indicates that if a pos-
sible membrane “solubilization” occurs, it is not accomplished with PC
lipids.
In order to further assess the “solubilization” issue as suggested by
wide line 31P and 2H NMR (Fig. 5), we performed an experiment that
consists in spinning the NMR rotor very quickly (12 kHz) at the magic
angle (MAS; Fig. 6B–C). This converts a wide line spectrum, as observed
for large aggregates or solids dominated by the chemical shielding an-
isotropy (CSA), into sharp lines; the sample remaining in the assem-
bled/organized form. Also of interest, an isotropic line, as in liquids or
micelles, will not change its position underMAS conditions. Such an ex-
periment was performed on NMR samples in the presence and absence
of REF (Fig. 6B–C). The wide line spectrum observed for asolectin MLVs
alone (Fig. 6C)mainly shows underMAS a “sharp” line corresponding to
superimposition of isotropic PC, PE, PI and CL or PG resonances. A liquid-a of MLVs alone (gray) or in the presence of SRPP (black, top panel) or REF (black, bottom
f a mixture of asolectin and POPC-d31 (4.5:0.5). Freeze-dried REF and SRPPwere added to
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cates a better resolution and identiﬁcation of the different lipid species
according to reported chemical shifts [47,56]. When spinning the sam-
ple containing REF (Fig. 6B), the 16 ppm line as observed with static
wide line NMR (Fig. 6A) is still detected and appears sharper. Other
sharp lines at approximately 2, 3, and 4 ppm are also detected with
the major line representing PC lipids at −0.8 ppm. The chemical shift
coincidence of sharp lines obtained in MAS conditions (at 16, 4, 3,
2 ppm) with those obtained under wide line NMR clearly indicates
that MAS was not efﬁcient in averaging out the chemical shielding an-
isotropy, that is obtained with large MLV, because there was no longer
CSA to average out. This suggests that in the presence of REF, “solubilized
lipids”may appear and behave as if they were in organic isotropic solu-
tion. This observation strongly suggests that REF could promote amicell-
ization-like phenomenon. There is also another phenomenon that
deserves a comment. The 16 ppm resonance, which is observed in the
presence of REF, is unusual in 31P NMR of lipids, except for very peculiar
surroundings of the phosphorus nucleus. Phosphate chemical shifts
(ATP, ADP, phospholipids) usually occur in the [+5, −20 ppm] range.
Such a positive chemical shift for phosphate lipids can occur upon bind-
ing to a molecular species that induces a strong chemical shift effect or
for phosphonates, where the presence of a phosphorus–carbon bond
leads to phosphorus resonances near 20 ppm [57]. Because asolectin
contains no phosphonate, there may be a speciﬁc clustering with aro-
matic amino-acids of REF that may produce such a huge chemical shift
on phosphate resonances. To conclude, results clearly show here that
membrane integrity may be differently modiﬁed by REF and SRPP.Fig. 6. 31P NMRof asolectinMLVs (containing 10% 2H31-POPC) undermagic angle spinning
(MAS) conditions. A) Static spectrum of REF (Ri = 50 same as Fig. 5B bottom black),
showing a superposition of wide line featureless patterns (micrometer-size MLVs) and
sharp lines. B) MAS spectrum at 12 kHz of REF sample (Ri = 50), the sharp line (arrow)
detected one static spectrum at about 16 ppm is also observed at that same frequency
after spinning. C) MAS spectrum at 12 kHz of asolectin vesicles in the absence of REF. Ex-
periments were performed at 25 °C.3.5. The interaction of SRPP and REFwith an egg PC lipid bilayer investigated
by PWR
PWR has been proven useful to follow the interaction of membrane
active peptides with planar lipid membranes both in terms of the afﬁn-
ity of those interactions as well as the kinetics and effects on lipid orga-
nization (to cite a few examples:[58–61]). Herein PWR was used to
monitor the interaction of SRPP and REF with a planar solid-supported
egg PC lipid bilayer. After formation and stabilization of the lipid bilayer
(no spectral changes or very small changes observed over time for both
polarizations) the protein was added to the PWR cell sample compart-
ment in an incremental fashion. For each concentration, spectral
changes were followed, the resonance minima positions measured
and changes in spectral depth followed. The system was left to equili-
brate (no or very small spectral changes observed) before adding the
following protein aliquot.
As shown in Fig. 7 (panels A and B), SRPP addition leads to a large in-
crease in the spectral depth for both polarizations, starting at very low
protein concentrations (100 pM). An increase in spectral depth is main-
ly associated with an increase in the membrane thickness, indicating
that the protein is interacting with the membrane, starting at very low
concentrations. As for the resonanceminima position there is a great in-
crease in the minimum at 100 pM (15 and 16 mdeg for p- and s-
polarizations, respectively) indicating that there is an overall increase
in the refractive index of the lipid membrane which is a direct conse-
quence of amass augmentation coming from theprotein itself. Upon ad-
dition of increasing concentrations there are shifts to smaller angles (up
to around 100 nM) for both polarizations. Shifts to smaller angles are
due to a mass decrease. Since protein is being added to the membrane
this decrease in mass of the proteolipid system can only be explained
by a lipid reorganization that leads to a smaller bilayer density (mass
per surface). The addition of increasing protein concentrations leads to
positive spectral shifts and even to a deformation of the spectra occur-
ring at 20 μM. Such spectral deformation with the appearance of a
shoulder in the right side can be attributed to heterogeneity of lipid
and/or protein organization with the formation of domains of higher
mass. Comparable spectral signatures have been observed in previous
PWR for lipid bilayers whose composition was reported to form do-
mains [52,62] and upon the action of amyloid peptides with the lipid
membrane [59]. It is worth to notice that SRPP addition produced
much higher spectral shifts in the s- than in the p-polarization (29 and
98 mdeg for p- and s-polarization at 20 μM, respectively). Such
anisotropic response cannot be solely explained by lipid rearrangement,
whose natural axis of symmetry is opposite (higher refractive index and
so higher resonance shifts in the p-polarization than in the s-
polarization). Therefore this indicates that the protein organizes itself
in the membrane in an anisotropic fashion with its long axis parallel to
the membrane surface, probably because the protein possesses an
anisotropic structure (such as a cylinder).
Kinetic measurements of protein interaction with the membrane
were performed that allow one to follow the changes in the resonance
minimumpositionwith time. Suchmeasurements canonly be performed
with one of the polarizations, thus we have chosen the s-polarization be-
cause this resonance is sharper (allowing a better evaluation of the reso-
nance minimum position) and because the spectral change induced by
the protein is larger and the response was less variable than with the p-
polarization (where more variation in the direction of the shifts was ob-
served). The addition of SRPP to the membrane (20 μM, ﬁnal concentra-
tion in the PWR cell) leads to a very sharp increase in the resonance angle
within a very short period of time followed by a plateau (Fig. 7, panel C).
The data could not be appropriatelyﬁtted by a one-phase exponential as-
sociation model but was well ﬁtted by a two-phase exponential associa-
tion (with one fast and one slow event). This indicates that SRPP
interaction does not follow a simple binding but thatmore than one phe-
nomenon is occurring simultaneously in the binding process: more than
one population of proteins (monomer versus oligomer) and/or two
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tions. A fast kinetic rate constant of 30.8 ± 3.7 × 10−3 s−1 and a slow
one of 1.49 ± 0.05 × 10−3 s−1 were obtained from the ﬁt.
Regarding REF, while the ﬁrst addition of protein also leads to a great
increase in the spectra depth reﬂecting an increase in the bilayer thick-
ness, like that observedwith SRPP, further protein addition leads to a dif-
ferent response. Incremental REF addition to the bilayer leads to overall
negative spectral shifts especially for the p-polarization where a total
negative shift of about 40 mdegwas observed upon incremental addition
of protein to a ﬁnal concentration of 20 μM (Fig. 7, panels D and E). Since
protein is being added, an increase in mass should be observed and con-
sequently an increase in the resonance minimum position. This negative
spectral shift is related to a reorganization of the membrane leading to a
decrease in the overall mass of the system: lipid being removed from the
membrane to the buffer in the form ofmicelles or from the bilayer center
to its edges called plateau Gibbs border (lipid reservoir that exists in the
contact point of the bilayer with the PWR Teﬂon cell). In addition to the
differences in the direction of the spectral changes induced by each pro-
tein, the anisotropy of their response (comparison between the shifts in
the two polarizations) is also completely different. In contrary to what
was observedwith SRPP, spectral shifts observedwith s-polwere smaller
(for 20 μM a negative shift of 18 mdeg was observed) than those ob-
served with p-polarization. Additionally, spectral changes following
each incremental addition were quite irregular in terms of the direction
andmagnitude, especially for the s-pol and for higher protein concentra-
tions. For that reason, kinetic data with this protein performed with the
p-polarization was rather non-exploitable since large variations in the
magnitude and direction of the resonance minimum position were ob-
served. It seems that the interaction of REF with the membrane leads to
two processes whose contribution varies upon protein concentration: 1
— the protein interaction with the membrane, that leads to an increase
inmass andpositive spectral shifts; 2— the lipid reorganization following
themembrane interaction with lipid micellization and/or change in lipid
mass/surface, which leads to negative spectral shifts. These observations
therefore conﬁrm NMR results.
An estimative value of the apparent afﬁnity constant for the two pro-
teins to the membrane based on hyperbolic ﬁts of the resonance mini-
mum position shifts as a function of concentration (using p-polarizationFig. 7. Interaction of SRPP and REF with an egg PC bilayer followed by PWR. Panels A and B refe
20 μM (▲) to the lipid bilayer (solid line) obtainedwith p- and s-polarizations, respectively at th
the text). Panel C presents the changes in resonance minimum position, measured with the s-p
spond to the same conditions as panels A and B but for REF protein. Experiments were performdata for REF and s-polarization data for SRPP) indicates that REF has an
apparent afﬁnity to the membrane in the low nanomolar order, about
100 times higher than SRPP (Supplementary Fig. S5). This is a general es-
timate since, especially for higher protein concentrations, the PWR spec-
tra response was not totally equilibrated which is essential for an
accurate determination of the afﬁnity constant.
3.6. REF and SRPP cause leakage of egg PC LUVs
As REF seemed to have a drastic effect on all the membranes previ-
ously tested, we suspected that it probably also causes leakage or
forms pores. To check this hypothesis, large unilamellar vesicles (LUVs
of diameter about 120 nm) of egg PC, encapsulating calcein were
employed. Contrary to rubber particles, which have a highly hydropho-
bic interior, LUVs have a bilayer with a very hydrophilic content that
would certainly favor leakage. We indeed observed neatly the release
of calcein and the consequent increase in ﬂuorescence, due to the
destabilizing effect of REF on the LUV bilayer but also of SRPP (Fig. 8).
Surprisingly, SRPP exerted a stronger effect than REF even at low con-
centrations (Fig. 8A). Its effect was instantaneous and clearly different
from the normal effect usually observed during the insertion of a pro-
tein, like that observed for REF. REF provokes leakage very quickly (no
lag time was observed), in a time- and dose-dependent manner
(Fig. 8B). But SRPP effect is nearly two times higher than REF effect
(Fig. 8C). We may suppose that REF also initiate aggregation outside
the LUV. This could explain that less monomers or oligomers are free
to penetrate, to organize into the membrane and to induce leakage. If
a pore is formed, it can also be transitory. For SRPP, the accumulation
on the LUV membrane causes instant rupture, by weakening the LUV
or creating cracks or defaults into the membrane. This effect is massive
and certainly correlated with the fact that SRPP is able to inhibit the for-
mation of SUVs when we try to incorporate the protein into the SUV
(Section 3.3). This action was absolutely not observed on planar mem-
branes or MLVs and could be attributed to a “carpet” effect [63]. A par-
ticular membrane curvature could allow a better protein binding. This
may also reﬂect the preference of SRPP for binding to smaller RPs. It
could explain why SRPP cannot be found on large rubber particles or
are easily washed from them. The constraint could be driven by ther to the spectral changes induced by the addition of SRPP at 100 pM (●), 100 nM (■), and
e equilibrium (details about rate constant determination and their values are presented in
olarization, observed upon addition of 20 μM of SRPP to the bilayer. Panels D and E corre-
ed in 1× PBS at 25 °C.
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ability of phospholipid headgroups. The nature of liposome leakage
greatly differs between the two proteins, again reinforcing the idea
that the proteins act very differently on the membrane both in terms
of afﬁnity and induced membrane reorganization.
4. Conclusion
With this study, the interactions of both REF and SRPP with various
model membranes were investigated, with a good convergence in
terms of the results obtained. From our results, two different models of
REF and SRPP interactions with the rubber particle biomembrane can
nowbe proposed (Fig. 9). SRPP could largely cover the small rubber par-
ticle surface in an oriented anisotropic manner (Fig. 9A). The interaction
with SRPs could be favored by an appropriate membrane curvature. In
addition, it is interesting to note that SRPP is negatively charged (−6),
but still interacts with negatively charged lipids (PG, PI). Therefore the
hydrophobic nature of REF and SRPP plays an important role in the
membrane interaction, as it has been shown for negatively charged an-
timicrobial peptides that bind to negatively charged lipid membranes
[64,65]. Such an interaction was also shown to stabilize very small vesi-
cles (30 nm) from large MLV by a process referred to as “electrostatic
wedge”, the hydrophobic interaction acting ﬁrst to internalize negative-
ly charged peptides, and then electrostatic repulsion with negatively
charge lipids induced a highly curved membrane surface and stabilized
small vesicles [64]. REF has clearly a stronger interaction, referring to
binding, insertion and probably also auto-assembling inside the mem-
brane (Fig. 9B). We previously reported such kind of interaction, with
another amyloid proteinwhichwe called “raft-like” insertion [63]. In ad-
dition we noticed also that REF may be able to extract and sequester
lipids from the membrane, possibly generating small micelles. As a re-
cent study however stated that REF was equally present on both LRP
and SRP [66], it can then be postulated that REF could be able to insert
in both types of particles. In both cases REF and SRPP with the lipid
monolayer contribute to the colloidal stability of latex, by forming a
dense proteolipidic monomembrane.
We may now wonder why such homologous proteins may differ so
much in their interactionwithmembranes. REF, as an amyloid protein, al-
ready presented a different structure. But its interaction with membrane
clearly stabilizes the protein, inhibiting the amyloid state and aggrega-
tion, whereas this aggregation state could be of particular importance
during coagulation. Very few “amyloid-like” proteins have been de-
scribed in plants [67–69], but it is highly probable that numerous amyloid
proteins fulﬁll a wide range of functions in the plant kingdom. In hevea,
only microﬁbrils in the lutoids have been reported, but the proteins re-
sponsible of their formation are not yet identiﬁed [70]. The presence of
amyloids could be of particular interest for the plant, as many amyloids
are described as having antimicrobial, antifungal or antiviral proper-
ties [71]. REF and SRPP belong to a stress-related protein family [41]
and their expression is clearly inducible by stress (e.g. tapping, tapping
panel dryness syndrome) [54]. Their strong permeabilizing ability
would surely help in eliminating pathogens trying to penetrate the bark.
In the case of REF we may also imagine that its interaction not only
with lipids but also with polyisoprene could help in the “branching”
process. Proteins are thought to be linked at the ω-terminal (the trans
initiator group) of the polyisoprene while the phospholipids could be
linked at the α-terminal phosphate group of the linear polymer chains
[23,24]. From our results, we may also suppose multiple interactions
(protein–lipid–polymer), these could effectively modulate the gel
forming capacity and/or the molecular weight of natural rubber.Fig. 8. SRPP and REF induce calcein release from egg PC LUVs. Kinetics of ﬂuorescence re-
lease of SRPP (A) and REF (B) in the presence of calcein LUVs at Ri 1, 25 or 50. C) Quanti-
ﬁcation of calcein leakage of REF and SRPP at Ri = 50 and Ri = 1 (10 μM) after 1 h
incubation in 1× TBS at 25 °C. Results are presented as mean ± standard deviation of in-
dependent experiments (n).
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Fig. 9. Proposed models of REF and SRPP interactions with membrane. A) SRPP acts by “covering” small rubber particles. This interaction with the lipid headgroups could orientate the
protein at the interface, creating anisotropy. B) REF may interact with the lipid by binding ﬁrst and then inserting into the membrane. The aggregation properties of REF coupled to its
lipid afﬁnity may also refer as a membrane penetration termed “protein raft”. Removal of some lipids from the membrane could be achieved by micellization.
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